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A low cost method was employed to synthesize ZnO-SLS:xEu3+ phosphors using recyclable bottle glass as
silica source. The structural and optical properties of ZnO-SLS:xEu3+ (x = 0, 1, 2, 3, 4 and 5 wt.%) glasses
were determined using X-ray diffraction (XRD), Fourier transform infrared reflectance (FTIR), UV-
visible (Uv-Vis) and photoluminescence (PL) spectroscopy. Structural investigation using XRD measure-
ment had broadened the halo peak with the doping of dopants. FTIR spectra showed the glass system
consists of –OH and SiO4 bands. Meanwhile, the optical measurement using UV-Vis absorption has been
induced a blue shift of the electronic absorption edge. The emission peak intensity of ZnO-SLS:xEu3+
phosphors was enhanced with the progression of doping concentration and thus, revealed their potential
as red emitting phosphors under 400 nm excitation.
 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
Recent developments in electronic applications, such as optical
amplification, optical data storage, lasing, sensors and displays
have introduced an overwhelming amount of inorganic materials.
Among these materials, silicate-based phosphors are the most
ideal host material since they have excellent luminescence effi-
ciency and good chemical stability [1]. The strength, toughness
and luminescence efficiencies of the host material can be enhanced
by incorporating the activator ions such as rare earth ions [2,3].
Interesting candidate for rare earth ions like Eu3+ ion is widely used
as red emitting activator ion by the transition of 5D0-7F2 [4–6]. In
recent years, various techniques are reported for synthesizing
ZnO–SiO2 such as solid state method [7,8], sol-gel method [9,10],
and dry reaction method [11]. The uses of high purity silica
(SiO2) source are highly costly since it is quite expensive and it
has a melting point of higher than 1700 C. Previous studies have
also reported that a large amount of energy consumption is
required to prepare ZnO–SiO2, such as the works from previous
researchers [12,13]. They have reported that the melting point
for ZnO–SiO2 needed is 1512 C. Further optimization of thismethod is needed to produce low cost production ZnO–SiO2.
Therefore, waste soda lime silicate (SLS) glass was chosen to
replace the high purity silica powder from recyclable glass wastes.
To date, SLS glasses that consist mainly of silicon dioxide (SiO2),
sodium oxide (Na2O) and calcium oxide (CaO) have been pointed
as an attractive host matrix for rare earth ions due to their good
glass-forming nature, good chemical stability, high transparency,
low melting point, high thermal stability and good solubility for
rare-earth ions [14–16]. In addition, solid state method has been
used in this preparation in order to produce the large scale ZnO-
SLS:Eu3+ in short time compared to the chemical methods due to
their complicated steps, high cost equipment and long preparation
periods [17]. In view of above facts, the main aim of this work is to
attempt on the preparation of ZnO-SLS:Eu3+ using waste SLS glass
as a silica source. The effect of Eu3+ doping on the structural and
photoluminescence properties of ZnO-SLS system will further be
investigated.Methodology
Synthesis
Eu3+ doped ZnO-SLS glasses with the composition of (ZnO0.5-
SLS0.5)1y(Eu2O3)y where y = 0, 0.01, 0.02, 0.03, 0.04 and 0.05 were
prepared using melt quenching technique. The synthesis was made
Fig. 1. XRD patterns of undoped and Eu3+ doped ZnO-SLS glasses.
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[ZnO (99.00%)], europium oxide [Eu2O3 (99.99%)] and soda lime sil-
ica (SLS) glass using a ball milling jar for 24 h. The mixture was
packed into an alumina crucible and melted at 1400 C with a heat-
ing rate of 10 C/min for 2 h in an electrically heated furnace. The
molten mixture was immediately poured into water to obtain glass
fritz. The glass fritz was dried at room temperature for 1 day and
later, crushed and sieved into fine powder of 63 lm.
Characterization
The chemical composition of glass samples was identified using
XRF (EDX-720/800HS/900HS). The amorphous structure of the
powdered samples was investigated from X-ray diffraction spec-
trum recorded on a Phillips X’pert High Pro PANanalytical Diffrac-
tometer. The data were collected over the 2h range 10–80 at room
temperature. The data were then analyzed by utilizing software
X’pert HighScore and were compared to the electronic PDF2
library. The infrared (IR) absorption measurements on the samples
were made by applying the KBr pellet technique. The IR spectra
were recorded at room temperature in the range 550–4000 cm1
using Thermo Nicolet Nexus 47 FT-IR spectrophotometer for iden-
tification of the chemical bonding of the samples. The UV-visible
absorption spectra measurements in the wavelength range of
250–800 nm were performed at room temperature using UV-Vis-
NIR spectrophotometer (UV-3600 Shimadzu). In addition, the
absorption edge for all samples was also observed to calculate
the optical band gap energy of the samples. Photoluminescence
excitation and emission spectra were performed at room tempera-
ture using Perkin Elmer LS 55 Fluorescence spectrometer. The
emission spectra were then obtained by excitation at 400 nm and
the excitation spectra were obtained by emission at 600 nm.
Results and discussion
XRF analysis
The chemical composition of the glass samples was determined
using EDXRF. The chemical composition of undoped and 1–5 wt.%
Eu3+ doped ZnO-SLS glasses are shown in Table 1. From the table,
it is clearly shown that the elements of ZnO, SiO2, CaO, Na2O,
Al2O3, MgO, Fe2O3, K2O, and Eu2O3 were detected in the analysis
of the glass samples, due to the mixtures of ZnO, SLS, and Eu2O3.
It also was confirmed that SiO2, CaO, Na2O, Al2O3, MgO, Fe2O3,
and K2O, were originally from the SLS waste glasses. The increasing
Eu2O3 addition has resulted in the percentage reduction of other
elements in the glass samples.
XRD analysis
The amorphous nature of the prepared glasses was analyzed
using XRD. The XRD pattern of ZnO-SLS glasses with different
Eu3+ doping concentrations is illustrated in Fig. 1. From the pattern,
there is no discrete sharp peak, which has indicated that the sam-
ples were fully in glass form. Furthermore, a broad halo patternTable 1
Chemical compositions of (ZnO0.5SLS0.5)1y (Eu2O3)y glasses.
Elements (wt.%) ZnO SiO2 CaO Na2O
0 49.8 34.5 5.8 6.4
1 48.7 35.8 5.5 6.2
2 49.2 34.5 5.3 6.3
3 48.3 35.1 5.4 6.0
4 48.5 34.2 5.2 6.1
5 48.6 34.0 5.1 5.6was clearly obtained, which confirmed their characteristics of
amorphous structure. The amorphous structures were obtained
at 2h = 32. By comparing the effect of dopant in glass system, it
was observed that the peaks get broadened in the spectrum due
to variation in the inter-atomic distances caused by Eu3+ dopant.
Furthermore, it should be highlighted that the addition of dopant
in glass system also did not affect the amorphousity of the glass
structure.FTIR analysis
Fig. 2 presents the FTIR spectra of undoped and doped ZnO-SLS
glasses doped with different Eu3+ concentrations. From the figure,
it is clear that a strong absorption band was observed at
3443 cm1 and a weaker one was in the region of 1600 cm1.
These bands can be ascribed to the stretching and bending of –
OH and H–O–H bonds, respectively. The formation of these bands
was due to the mixtures of KBr and powdered glasses, where it
has the ability to attract water molecule from the surrounding
environment [18,19]. A broad absorption band of SiO4 asymmetric
stretching vibration, which was located at 980 cm1 was alsoAl2O3 MgO Fe2O3 K2O Eu2O3
1.8 0.9 0.2 0.6 0
1.6 0.8 0.1 0.5 0.8
1.6 0.8 0.1 0.4 1.8
1.3 0.7 0.1 0.6 2.5
1.2 0.5 0.1 0.5 3.7
1.1 0.4 0.1 0.4 4.7
Fig. 2. FTIR spectra of undoped and Eu3+ doped ZnO-SLS glasses. Lines are drawn to
guide the eye.
Fig. 3. Absorption spectra of undoped and Eu3+ doped ZnO-SLS glasses.
Fig. 4. Plot of (ahm)1/2 against hm of undoped and Eu3+ doped ZnO-SLS glasses.
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it is clear that the undoped sample has large absorption bands of –
OH and SiO4 vibration in FTIR spectra due to strong chemical affin-
ity of silica with hydroxyl groups. With the addition of dopant (i.e.
1–5 wt.% Eu3+) into the host matrix, Eu–O stretching vibration was
expected to be found at around 500–550 cm1 [20]. However, no
such peak characteristic was observed in the spectra. The absence
of this peak in the spectra was expected due to a low concentration
of dopant.
UV-Vis analysis
The absorption spectra of undoped and doped ZnO-SLS glasses
with different Eu3+ doping concentrations are presented in Fig. 3.
It was found that the addition of Eu2O3 to ZnO-SLS glass network
has caused the blue and red shifts of the absorption edges, which
led to the shorter and longer wavelengths, respectively. Further-
more, the incorporation of europium ions into the host lattice
has influenced the f-f transitions, which originated from the
ground state 7F0 to various excited levels of Eu3+ ion [21,22]. It
was observed that the absorption peaks involving transitions
7F0? 5L6, 7F0? 5D3, 7F0? 5D2, 7F0? 5D1, and 7F1? 5D1 do not
appear to be strong in absorption spectra. However, all these bands
were clearly marked in the luminescence excitation spectra based
on their peak wavelengths.
Optical band gap
The optical band gaps of the samples were calculated with the
help of the absorption edge by observing the rapid rise in the
absorption coefficient. The relation between the absorptioncoefficient (a) and incident photon energy (hm) for the case of indi-
rect transition of ZnO-SLS has a characteristic relation [23]
ðahmÞ1=n ¼ k½hm Egap ð1Þ
where k is the band edge constant, m is the frequency, h is the Planck
constant, and Egap is the optical band gap. The exponent n character-
izes the nature of the band transition with values of 1/2, 2, 3/2, or 3,
which correspond to direct allowed, indirect allowed, direct forbid-
den and indirect forbidden transitions, respectively [24]. It was
observed that the best straight line for the samples is the indirect
allowed transition, n = 2. Using the above relation, the optical band
gap can be obtained by extrapolating the linear fitted region of the
plots of (ahm)1/2 against hm to position (ahm)1/2 = 0.
Fig. 4 shows the plot of (ahm)1/2 of undoped and doped ZnO-SLS
glasses versus photon energy. It was observed that the doped sam-
ples (i.e. 1–5 wt.% Eu3+) have shown larger optical band gaps com-
pared to the undoped samples. Such behavior can be ascribed to
the Moss–Burstein (B-M) effect [25], which occurs in the case of
degenerate doping in semiconductors. In this case, the Fermi level
lies inside the conduction band as the doping concentration
increases and reaches a degenerate level of doping. In order to
measure the band gap, an electron from the top of the valence band
must be excited to the states above the Fermi level as the Pauli
exclusion principle has forbidden the excitation of electrons into
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wide apparent band gap was produced after the addition of the
B-M shift. However, there is a decreasing energy band gap value
observed after doping the sample with 2 wt.% Eu3+. This shift is
probably attributed to the progressive increase in the non-
bridging oxygen’s (NBO) value, thereby reduces the size of the
band gap. To summarize all the above, the variation of the energy
band gap with dopant percentages is presented in Fig. 5. It was
observed that the values of energy band gap values did not change
significantly (3.15–3.20 eV) when the dopant’s concentration was
increased to 5 wt.% due to the small concentration of doping. This
finding is also clearly supported by XRD results, which showed that
addition of dopant did not evidently affect the structural arrange-
ment of the system as the broad hump shapes remained similar.Fig. 6. Excitation spectra of undoped and Eu3+ doped ZnO-SLS glasses.
Fig. 7. Emission spectra of undoped and Eu3+ doped ZnO-SLS glasses.Photoluminescence property
The results of excitation and emission spectra for ZnO-SLS
glasses with different Eu3+ doping concentrations are shown in
Figs. 6 and 7. A comparison between the absorption and excitation
spectra has found that the main peak in the excitation spectra was
at the absorption edge of the corresponding absorption peak in the
absorption spectra. This finding is related to the similar phenom-
ena in semiconductors since the photon-excitation rate is the
greatest at the absorption edge where the absorption index is fairly
low and the dispersion is small [26]. As shown in Fig. 6, the excita-
tion spectra consisting of five distinguishing characteristics of peak
observed at 400, 414, 460, 500, and 527 nm. They all ascribed to
the intra-configurationally 4f-4f transitions of Eu3+ ions in this host
lattice. These five peaks can be attributed to the 7F0? 5L6,
7F0? 5D3, 7F0? 5D2, 7F0? 5D1 and 7F1? 5D1 [27–29]. Among
the peaks,400 nm (7F0? 5L6) is the most prominent excitation
peak, suggesting that the wavelength with ultraviolet light emit-
ting diodes as the best pumping source to obtain red emission from
Eu3+ doping. This peak has been used to measure Eu3+ emission
spectra.
The spectra of the Eu3+ doped glass have revealed the five char-
acteristics of emission bands at 527 nm, 575 nm, 600 nm, 653 nm,
and 725 nm, which were assigned to 5D1? 7F1, 5D0? 7F1,
5D0? 7F2, 5D0? 7F3, and 5D0? 7F4 electronic transitions of Eu3+
ion, respectively [30–32]. Generally, the analysis of the spectral
features of 5D1? 7F1, 2 transitions is very important to understand
the symmetry of the crystal sites of doped Eu3+ ions. It was
observed that the emission peak from 5D0? 7F2 electric dipole
(ED) transition was higher than the peak from 5D0? 7F1, whichFig. 5. Relationship between energy band gap with various percentages of dopant.was assigned to magnetic dipole (MD) transitions. This has clearly
shown that the Eu3+ was occupying the non-centrosymmetric site
in the crystal lattice [33–36]. In its turn, the dominance of ED tran-
sition (5D0? 7F2) was being allowed at the lower site symmetry of
the Eu3+ centers in the host matrix. Overall, it can be concluded
that the undoped Zn2SiO4 has a lower intensity compared to the
doped samples. However, the peak intensity of undoped Zn2SiO4
was enhanced with the addition of doping concentration, provid-
ing the peak intensities with electronic transitions of Eu3+ ions. It
can be observed that there was no concentration quenching effect
as the dopant concentration increased to 5 wt.% Eu3+. Such effect
can be ascribed to the high solubility of rare earth metal ions,
and thus indicates that the doping level of Eu3+ could have
enhanced the photoluminescence efficiency for obtaining a red
emission phosphor.Conclusions
Undoped and 1–5 wt.% Eu3+ doped ZnO-SLS glasses were suc-
cessfully prepared via solid state method using waste SLS glass
as silica source. The results of XRD show a broad halo pattern,
which confirmed the amorphous structure of the prepared glasses.
The optical measurement for doped samples has shown the larger
644 N.A.S. Omar et al. / Results in Physics 6 (2016) 640–644value of optical band gap when compared to the undoped sample
due to B-M shifts. Lastly, the photoluminescence spectra have
resulted in the enhancement of emission intensity at 600 nm when
the dopant concentration increased to 5 wt.% Eu3+.
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